Accumulating evidence suggests that global depletion of adult hippocampal neurogenesis influences its function and that the timing of the depletion affects the deficits. However, the behavioral roles of adult-born neurons during their establishment of projections to CA3 pyramidal neurons remain largely unknown. We used a combination of retroviral and optogenetic approaches to birth date and reversibly control a group of adult-born neurons in adult mice. Adult-born neurons formed functional synapses on CA3 pyramidal neurons as early as 2 weeks after birth, and this projection to the CA3 area became stable by 4 weeks in age. Newborn neurons at this age were more plastic than neurons at other stages. Notably, we found that reversibly silencing this cohort of ~4-week-old cells after training, but not cells of other ages, substantially disrupted retrieval of hippocampal memory. Our results identify a restricted time window for adult-born neurons essential in hippocampal memory retrieval. npg
a r t I C l e S The adult hippocampus continues to give rise to several thousand new dentate granule cells each day [1] [2] [3] . Accumulating evidence from studies using global perturbation or ablation of adult hippocampal neurogenesis has revealed deficits in some forms of hippocampal memory in rodents [4] [5] [6] [7] [8] [9] . As the morphological and physiological phenotypes of adult-born cells change markedly as they mature, they may have distinct roles at different stages following integration into hippocampal circuits. Accordingly, although traditional manipulations of adult neurogenesis may disrupt hippocampal memory function, it is not clear whether the observed memory deficits are a result of a global disruption of neurogenesis.
Emerging evidence has shown that surviving adult-born dentate granule cells (DGCs) extend dendrites and receive functional input from the existing neural circuits as early as 2 weeks after birth [10] [11] [12] [13] [14] . In contrast with the many studies on input synapses, little is known about the establishment of functional projection of adult-born DGCs to the hippocampal trisynaptic circuit. Although massive effort has been put into determining output circuit formation of adult-born neurons, most evidence is from anatomical examinations showing that young newborn DGCs gradually extend axonal fibers into the CA3 area. Terminals of these axons form bouton-like structures similar to those of mature granule cells 2-3 weeks after birth [15] [16] [17] [18] . A recent study found that mature newborn neurons exhibit synaptic responses in the CA3 area 16 . However, the precise timing for functional output synapse formation and maturation remains unknown.
Input (dendritic) synapses of adult-born neurons show enhanced plasticity between 4-6 weeks after birth compared with other stages 19 , at which point they exhibit heightened intrinsic excitability and lower activation threshold 13, 20 . This coincides with the timing when newborn neurons are recruited into adult neural circuits mediating behavior [21] [22] [23] . These findings suggest that a cohort of young adultborn neurons of similar age may form a hypersensitive unit that preferentially responds to stimuli during hippocampal memory formation. A related question is whether output synapses, if formed and functional, also exhibit heightened plasticity around the same time.
Combining retroviral birth-dating and gene delivery 10, 11 with optogenetic stimulation 24 , we examined the behavioral roles of adult-born neurons during their output circuit development. We found that adult-born DGCs established functional synapses with CA3 pyramidal neurons as early as 2 weeks after birth and synaptic responses became stable by ~4 weeks of age. Fully established output synapses of adult-born neurons exhibited enhanced plasticity at ~4 weeks after birth. Notably, optogenetic silencing of a cohort of 4-week-old, but not 2-or 8-week-old, newborn neurons substantially affected the retrieval of hippocampal-dependent memory following the completion of training, suggesting that 4-week-old new neurons have a privileged role in hippocampal memory function. These data characterize the development of output circuit function for adultborn DGCs, revealing a precise time window in which newborn neurons exhibit enhanced plasticity at CA3 synapses and are critical for processing hippocampal memories.
RESULTS

Establishment of output synapses of adult-born neurons
To examine the role of adult-born neurons in hippocampal function during their circuit integration, we first determined the timing for newborn neurons to establish functional projections to CA3 pyramidal neurons. We used an optogenetic method to excite a group of a r t I C l e S adult-born DGCs simultaneously to determine the development of functional output circuit in the CA3 area 16, 24 . We constructed a retroviral vector expressing EGFP-tagged Channelrhodopsin 2 (ChR2-EGFP), a light-sensitive channel 24, 25 , to birth date and specifically express ChR2-EGFP in adult-born hippocampal neurons 10, 11, 16 . ChR2-EGFP retroviruses were microinjected into the hilus of the dentate gyrus in adult mice and acute brain sections were prepared 1-8 weeks post infection (wpi) 11 ( Fig. 1a and Supplementary  Fig. 1a,b ; see Online Methods). As expected, ChR2-EGFP retroviruses specifically targeted neural progenitors, and these cells gradually developed into typical DGCs (Supplementary Fig. 1c-e ). Notably, brief pulses of blue light reliably induced action potentials in infected DGCs, but not in non-infected neighbors ( Fig. 1b) , indicating that this population of cells could be optically controlled. The infected cells were not illuminated during development and we did not observe changes in the intrinsic properties of newborn neurons expressing ChR2 at different ages than those expressing EGFP alone ( Supplementary Table 1 ), which is consistent with previous findings where optogenes were expressed in other cell types 24 .
Next, we used whole-cell recording to examine postsynaptic currents in CA3 pyramidal neurons while optically stimulating ChR2-EGFP-positive mossy fibers of newborn DGCs (Fig. 1c) . Postsynaptic activity increased with the age of infected adult-born DGCs (Fig. 1d) . At 1 wpi, a time point at which mossy fibers have not yet reached the CA3 region, no postsynaptic responses were observed following optical stimulation. However, at 2 wpi and older (a stage at which mossy fibers have reached the CA3 region), stimulation produced excitatory postsynaptic responses (EPSCs). These optically evoked EPSCs reached maximal responses at 4 wpi ( Fig. 1d,e ). They had a latency of ~4 ms and were blocked by an AMPA receptor antagonist (CNQX) and metabotropic glutamate receptor agonists (L-AP4 and LY354740, specifically blocking mossy fiber-CA3 synapses 26 ), indicating that they represented a glutamatergic monosynaptic response ( Fig. 1f,g) . These results suggest that young adult-born DGCs form functional synapses with CA3 target cells, which become stable around 4 wpi. These findings, together with those of previous studies showing newborn neurons to be functionally innervated by entorhinal cortical projections [10] [11] [12] , indicate that adult-born DGCs fully integrate into the hippocampal trisynaptic circuits by ~4 wpi.
Heightened synaptic plasticity of young adult-born neurons
We next characterized functional properties of these output synapses. We examined synaptic plasticity of young adult-born DGCs in the CA3 as previously described 13, 19 . To optically stimulate CA3 synapses of a group of adult-born neurons at high frequency, we replaced the ChR2 construct with a ChR2 variant, ChIEF-dTomato 27 , which responds more reliably to high-frequency optical stimulation. As expected, 3-, 4-and 8-week-old adult-born DGCs expressing ChIEF responded reliably to theta-burst optical stimulation (TBS), a procedure used for long-term potentiation (LTP) induction 13, 19, 27, 28 ( Supplementary  Fig. 2a ), to their soma (Supplementary Fig. 2b,c) . Recordings from axonal boutons revealed that, following optical stimulation, activation in soma could reliably propagate to the axonal terminals ( Supplementary  Fig. 2d,e) , which is consistent with previous observations in mature (g) Summary of EPSCs that were inhibited by 50 µM l-AP4 (t = 5.465, P = 0.012, n = 5 cells, two-tailed paired t test) or 1 µM LY354740 (t = 3.891, P = 0.027, n = 6 cells, two-tailed paired t test) and blocked by 50 µM CNQX (t = 5.835, P = 0.007, n = 15 cells, two-tailed paired t test). All values represent mean ± s.e.m. *P < 0.05. npg a r t I C l e S DGCs 29 . To assess global circuit output of newborn neurons, we then implanted an optic fiber in the dentate gyrus to deliver optical stimulation and recorded field excitatory postsynaptic potentials (fEPSPs) in the CA3 region in vivo ( Fig. 2a and Supplementary Fig. 3 ). fEP-SPs were successfully induced by short pulses of optical stimulation ( Fig. 2b) . Similar to postsynaptic activity in vitro ( Fig. 1c) , fEPSPs recorded in vivo were blocked by local application of CNQX ( Fig. 2b) . As expected, high-frequency optical stimulation (~5 mW mm −2 intensity, 50 Hz, 2 s) evoked consistent fEPSPs ( Fig. 2b) . Together with the reliable responses to TBS recorded from the soma or axonal terminals of newborn neurons ( Supplementary Fig. 2) , this result suggests that the experimental system is suitable for characterizing output synaptic plasticity of newborn DGCs using TBS. Thus, we next delivered TBS, and measured fEPSPs slope before and after TBS 19 (see Online Methods). We found that optical TBS at 3 and 4 wpi induced LTP of fEPSPs in the CA3 area in nearly all of the tested mice ( Fig. 2c,d ). When the same induction procedure was used to induce LTP at 8 wpi, only half of the tested mice exhibited potentiation ( Fig. 2c,d) . Thus, output synapses of adult-born DGCs at 4 wpi exhibit a lower induction threshold for LTP, similar to their input synapses 13, 19 . We then analyzed LTP amplitude at 3, 4 and 8 wpi and found that LTP amplitude was maximal at 4 weeks. Relatively smaller LTP was observed in mice that were stimulated at 3 and 8 wpi ( Fig. 2c,e ). To determine whether the substantially reduced LTP at 8 wpi resulted from a lack of plasticity in the output synapses of newborn neurons around this age, we used a stronger induction procedure, tetanic optical stimulation (50 Hz, 2 s), for LTP induction while recording pyramidal cells ( Supplementary  Fig. 4a ). Using this stronger induction protocol, we recorded sustained potentiation (Supplementary Fig. 4b,c ), suggesting that the output synapses of mature newborn DGCs remain plastic, but have a higher induction threshold. However, using the same tetanic optical stimulation, we found a substantially higher level of LTP expression by stimulating young newborn neurons compared with that induced by stimulating mature newborn neurons ( Supplementary Fig. 4b-d ), consistent with our observation using theta-burst induction (Fig. 2) .
These results indicate that young newborn neurons exhibit heightened plasticity that peaks at ~4 wpi ( Fig. 2e) .
We next asked what might contribute to the heightened plasticity in young newborn neurons. A recent study found that T-type Ca 2+ channels facilitate dendritic synaptic plasticity in young newborn (but the mice at 3, 4 and 8 wpi, we blocked T-type Ca 2+ channels with intraperitoneal injection of mibefradil (25 mg per kg of body weight), a specific T-type Ca 2+ channel blocker, and examined their role in the expression of output synaptic plasticity 30 
(see Online Methods).
Mibefradil showed no effect on the basal synaptic transmission ( Supplementary Fig. 5a,b) . Notably, optical TBS failed to induce an enhancement of synaptic transmission from mibefradil-treated mice at 3 and 4 wpi ( Fig. 2e) , at which point we observed robust potentiation in control animals using the same induction procedure ( Fig. 2e) . Although mibefradil is considered to be a specific blocker, it has been reported to block R-type Ca 2+ channels of some cultured cells at low dose 31 . To exclude this possibility, we performed recordings in hippocampal slices from mice at ~4 wpi. Consistent with our in vivo data, application of mibefradil (1 µM) abolished LTP of young DGCs, whereas SNX482 (500 nM), an R type-specific antagonist, failed to affect this LTP ( Supplementary Fig. 5c-f ). When mice were treated with mibefradil at ~8 wpi, LTP seemed to be unaffected by the mibefradil application. Because of the small LTP expression using TBS at this age, we were unable to determine the effect precisely ( Fig. 2e) . However, together with previous observations of specific activation of T-type Ca 2+ channels in young neurons 13 , these data suggest that the activity of T-type Ca 2+ channels in young adult-born DGCs likely contributes to the heightened output synaptic LTP. Combined with previous studies on intrinsic excitability and input synapses 13, 19, 32 , these results reveal that a cohort of fully integrated (~4 weeks old) young newborn DGCs have more excitable membranes and enhanced input/output synaptic plasticity.
Silencing young newborn neurons affects memory retrieval
Accumulating evidence suggests that the effectiveness of ablations of adult neurogenesis depend on the timing of manipulation 2, 5, 7, 8, 23 . This suggests that adult-born DGCs may assume distinct behavioral Top, examples of fEPSPs LTP from a single animal at 3, 4 or 8 wpi. Insets, averaged traces of fEPSPs from five consecutive recordings before (1), immediately following (2) and after (3) LTP induction using TBS (blue arrow; Supplementary Fig. 2 ). Bottom, summary of LTP from groups of animals, respectively. (d) Percentage of mice (3, 4 and 8 wpi) exhibiting reliable LTP. (e) Summary of the mean potentiation of fEPSPs amplitude 45-60 min following TBS from mice under control condition (3, 4 and 8 wpi with 6, 8 and 8 animals, respectively; t test between groups: 3 versus 4 wpi, t = 3.386, P = 0.007; 8 versus 4 wpi, t = 4.483, P = 0.002) or after application of mibefradil (25 mg per kg, intraperitoneal; t test between control and mibefradil conditions: 3 wpi, t = 3.823, P = 0.007, n = 4; 4 wpi, t = 5.656, P < 0.001, n = 5; 8 wpi, t = 0.954, P = 0.41, n = 4). In each group, all animals tested with stable baseline were included. All values represent mean ± s.e.m. n.s., not significant. P > 0.05, *P < 0.05, two-tailed unpaired t test.
not mature) DGCs 13 . Accordingly, we next examined whether the activity of T-type Ca 2+ channels contributed to the heightened plasticity. After establishing reliable recordings from npg a r t I C l e S roles as they mature and that these distinct behavioral roles may coincide with changes in their synaptic integration and plasticity ( Fig. 2e) .
To test this hypothesis, we used optogenetic stimulation to reversibly silence groups of different aged adult-born neurons during behavioral tasks. We generated a retrovirus to express an inhibitory optogene, archaerhodopsin-3 (Arch-EGFP) 33 . To maximize infection of adultborn neurons, we performed two retroviral injections (spaced 10 h apart) per mouse using a standard protocol 11 (see Online Methods). We successfully labeled ~1,700 newborn DGCs per mouse at 4 wpi. Arch expression in labeled adult-born DGCs had no observable effect on the development of newborn neurons ( Supplementary Table 1 ). In acutely prepared brain sections, pulses of optical stimulation specifically silenced Arch-expressing adult-born DGCs, indicating that the activity of these neurons could be reliably and reversibly inhibited by light ( Fig. 3a) , as previously reported 33 .
To examine the role of a group of newborn neurons in hippocampal memory, we used a hidden platform version of the water maze task 34 . We microinjected Arch-expressing retroviruses into the hilus of the hippocampus in adult mice and implanted customized optrodes to ensure sufficient light delivery into the dorsal hippocampus bilaterally (see Online Methods and Supplementary Fig. 6 ). At 4 wpi, mice were trained in the water maze with optic fibers connected to an orange light source via an optic-rotatory joint. Half of the mice were trained with the light off (no light group) and half with the light on (light group) ( Fig. 3b and Supplementary Fig. 7a ). Across the training trials, latencies to locate the hidden platform declined and there was no difference in escape latencies between control (no light) and inactivated (light) groups (Supplementary Fig. 7b ), indicating that silencing this cohort of ~4-week-old adult-born DGCs does not interfere with memory acquisition.
We then assessed the effect of silencing newborn neurons on memory retrieval. At ~4 wpi, mice were trained in the water maze with optic fibers connected to an inactive light source (no light), and the mice learned to locate the hidden platform ( Fig. 3b-d) . Following the completion of training, spatial memory was assessed in two probe tests. During the first probe, half of the animals received light stimulation for the duration of the test (light) and half were tested without the light (no light). On the following day, the animals were re-tested in a second probe trial with the light conditions reversed (Fig. 3c,d) .
Using this within-subject design, we found that inactivation of this cohort of 4-week-old adult-born neurons robustly decreased the percentage of the time that the mice spent searching in the target quadrant ( Fig. 3e) . Notably, light illumination of 4-week-old EGFP-labeled newborn neurons did not affect the percent time in the target quadrant ( Supplementary Fig. 8 ). Furthermore, light-induced inactivation did not affect motor coordination, as swim speed ( Fig. 3f ) and distance traveled ( Fig. 3g ) did not differ between the no light and light conditions. Memory impairments depended on both retroviral expression of Arch and light illumination, as neither retroviral expression of Arch alone (without illumination) nor illumination alone (in the absence of Arch) impaired memory 10 (Supplementary Fig. 8 ). These results suggest that a cohort of ~4-week-old newborn cells is important for memory expression. By examining expression of the activity-regulated gene, c-Fos, we next asked whether this population of cells was normally activated by memory recall and whether this activation was absent following light-induced inactivation. Mice received injections of Arch-or EGFP-expressing retrovirus into the dentate, and were trained in the water maze task 4 weeks later. At the completion of training, half of the mice were given a probe test with the light on and the other half with no light (Supplementary Fig. 9a ). Using standard procedures 21 , 90 min after the probe tests, we killed the mice and performed c-Fos staining. We imaged c-Fos + and EGFP + Arch + DGCs ( Supplementary  Fig. 9b) . Mice in the Arch and no light and EGFP groups searched selectively in the probe test, as expected. Following this probe test, we found that about 4% of labeled adult-born DGCs were c-Fos positive (Supplementary Fig. 9c) , consistent with our previous findings 21 . In contrast, mice in the Arch and light group searched less selectively in the probe test (similar to deficits observed in Fig. 3d) , and very few Arch-labeled adult-born DGCs expressed c-Fos ( Supplementary  Fig. 9b,c) , confirming the efficiency of optical inhibition and providing support for the conclusion that labeled ~4-week-old adult-born DGCs regulate spatial memory retrieval.
We next evaluated whether silencing these neurons interfered with the expression of a non-hippocampus-dependent memory. The same mice were trained in a visible version of the water maze in which the platform was located in the opposite quadrant of the pool and marked by a visible cue. Across 2 d of training, mice learned to navigate to the cue from different start positions (Fig. 3c,d) . During two subsequent probe tests, we found that light inactivation did not interfere with the latency of the mice to find the visible platform (no light, 4.92 ± 0.26 s; light, 4.87 ± 0.34 s; t = 0.1215, P = 0.4526, n = 14; two-tailed unpaired t test), swimming ( Fig. 3f) or distance traveled (Fig. 3g) .
To ask whether our results would generalize to another form of hippocampus-dependent memory, we next trained a new group of animals in a fear-conditioning procedure 35 (Fig. 4a) . Mice were trained with a single tone-shock pairing and tested in the same context 1 d later. In this test, optogenetic silencing reduced levels of conditioned freezing (Fig. 4b,c) , indicating that inactivating 4-week-old adult-born neurons impairs the retrieval of contextual fear memory. The following day, we placed the mice in an alternate context and presented the tone. In contrast, optogenetically silencing these neurons did not affect conditioned freezing of the mice to the tone (Fig. 4c) . As the retrieval of contextual, but not tone, fear memories depends on hippocampal function 35 , these results suggest that silencing a cohort of 4-week-old adult-born DGCs impairs retrieval of a hippocampusdependent contextual fear memory.
The behavioral role for newborn DGCs relies on their age
We next asked whether silencing different aged cohorts of newborn neurons would have a similar effect on hippocampal memory retrieval. To address this, we trained mice at 2 or 8 wpi. Silencing cells that were ~2-week-old at the time of training did not disrupt expression of spatial memory (Fig. 5a) . Similarly, silencing cells that were ~8 weeks old at the time of training, an age at which they are considered to be mature 11, 12, 17 (Fig. 1) , did not affect expression of a spatial memory (Fig. 5b) . Thus, silencing newborn neurons at ~4 wpi, but not at 2 or 8 wpi, resulted in deficits in spatial memory retrieval ( Fig. 5c ). Furthermore, silencing newborn neurons at 2 or 8 wpi did not affect contextual fear memory (Fig. 5d) .
Not all adult-born DGCs survive, and the absence of effects of silencing at 8 weeks might be a result of there being fewer Arch + cells. Accordingly, we counted Arch + newborn DGCs after behavioral tests. We found that there was no obvious decrease in number of Archlabeled neurons from 4 to 8 wpi (4 wpi, 1,746 ± 52 labeled neurons per animal, n = 17; 8 wpi, 1,721 ± 59 labeled neurons per animal, n = 10; P = 0.23, two-tailed unpaired t test), consistent with previous findings 1, 4, 36 . Furthermore, we found that Arch + cells had similar dendritic complexity ~4 and 8 wpi (4 wpi, 9.85 ± 1.08 dendrites per 50 µm × 50 µm, n = 17; 8 wpi, 10.27 ± 0.95 dendrites per 50 µm × 50 µm, n = 10; P = 0.78, two-tailed unpaired t test).
Finally, we asked whether the coincidently heightened plasticity (Fig. 2) contributes to the role of young newborn neurons in retrieval of hippocampal-dependent memories. Given that we found that the activity of T-type Ca 2+ channels is essential for the heightened plasticity of output synapses, we tested hippocampal memory of the Arch-injected mice at 4 wpi with intraperitoneal administration of mibefradil (25 mg per kg). Notably, the application of mibefradil substantially decreased the searching time in the target quadrant , but had no effect on tone fear memory (t = 1.675, P = 0.0599, n = 7, 7). To avoid potential interference from within session extinction, we measured freezing time in the first 2 min. All values represent mean ± s.e.m. *P < 0.05, two-tailed t test. npg a r t I C l e S compared with the saline and no light groups (Fig. 5e) . In another group of mice, in which we applied mibefradil and optical inhibition, we observed a similar deficit in memory retrieval in the mibefradiltreated mice (Fig. 5e) . Because the activity of T-type Ca 2+ channels is also required for the heightened plasticity in dendritic synapses 13 , these data suggest that heightened plasticity in young newborn neurons may be important for memory retrieval. To further explore the age specificity of these effects in the same cohort of newborn neurons, we designed a within-subject experiment in which mice were tested with the water maze at 4 wpi and contextual fear conditioning at 8 wpi, or vice versa (Fig. 6) . We found that silencing newborn neurons at 4 wpi, but not 8 wpi, disrupted memory retrieval in both tasks, consistent with our observations (Figs. 3-5 ). Together, our data suggest that adult-born neurons may be transiently critical for memory retrieval, but the effect, at least in spatial and contextual memory retrieval, may decline as these adult-born neurons continue to mature.
DISCUSSION
We used optogenetic methods to evaluate how adult-born DGCs functionally integrate into hippocampal circuits. We found that newborn DGCs form functional glutamatergic synapses in the CA3 area as early as 2 wpi and that these synapses become functionally stable by 4 wpi. The output synapses of 4-week-old newborn neurons exhibited enhanced plasticity. Notably, reversibly silencing a population of 4-week-old, but not 2-or 8-week-old, newborn DGCs affected hippocampal memory retrieval. These data indicate that adult-born neurons influence hippocampal function and behaviors in a maturationdependent manner.
Functional output circuit development
We successfully employed a retroviral method to deliver optogenes into cohorts of adult-born DGCs. As we previously reported 10, 11 , infection with these retroviruses did not appear to affect the development of labeled newborn neurons ( Supplementary Fig. 1 and Supplementary Table 1 ). By using optogenetic stimulation, physiology and imaging, we found that adult-born neurons functionally project to the CA3 neural circuitry. Blockade of postsynaptic responses by applying AMPA receptor antagonists or metabotropic glutamate receptor agonists revealed that they are typical mossy fiber synapses 26 (Fig. 1e) . Together with several previous studies [10] [11] [12] 17 , our results suggest that adult-born DGCs fully incorporate into the hippocampal trisynaptic neural circuit around 4 wpi.
We further found that output synapses of adult-born DGCs exhibited enhanced plasticity at ~4 wpi (Fig. 2) . This mirrors the time during which we observed hyper-sensitive input synapses and during which these cells have more excitable membranes 13, 19 . Mechanistically, we found that mibefradil, a T-type Ca 2+ channel blocker, was able to abolish the heightened axonal plasticity of young newborn neurons, similar the effect it has on their dendritic synapses 13 . Although it is possible that mibefradil affects R-type Ca 2+ channels 31 , heightened plasticity was not blocked by the application of SNX-482, an R-type Ca 2+ channel antagonist. Considering previous studies showing its specificity 30, 37, 38 and young DGCs representing a hyperactive population with highlevel T-type Ca 2+ channels 13 , we think that T-type Ca 2+ channels are very likely the major targets of mibefradil. In addition, the mechanisms described in the dendritic synapses of adult-born DGCs 19, 20, 26, 39 may contribute to the heighted axonal plasticity 40 . Although the precise mechanisms remain to be determined, impaired spatial memory following blockade of T-type channels suggest that these channels have important functional roles in adult-born neurons.
Time-dependent role of young adult-born neurons
Chemical, genetic and irradiation-based methods have been widely used to ablate neurogenesis and explore the role of adult neurogenesis in hippocampal function 5, 41 . Although these studies have suggested that adult neurogenesis is important for hippocampal memory, they are limited in that these manipulations typically affect differently aged adult-born cells. Using retrovirally expressed optogenes, we were able to address this issue by labeling and silencing distinct cohorts of adultborn neurons. This optogenetic silencing of adult-born neurons by high-frequency light stimulation is likely to result from effective, but not excessive, hyperpolarization, rather from than potentially harmful changes in internal chloride levels 33 .
Our results suggest that silencing of ~4-week-old newborn neurons leads to memory deficits. In contrast, silencing this same population before training did not prevent the acquisition of a hippocampal memory. The dissociation is consistent with our recent findings using a transgenic diphtheria toxin-based ablation system to study the role of adult-born neurons in hippocampal memory 7 and suggests that learning may occur in the absence of newborn neurons. However, if newborn neurons are present and functional in circuit level at the time of training, they are recruited into hippocampal memory circuits, and silencing (or ablating 7 ) these cells revealed that they are essential for memory retrieval. In our previous diphtheria toxin-based ablation study, adult-born cells spanning a range of ages (including [3] [4] [5] , whereas in the light condition they failed to search selectively (F 3,12 = 4.004, P = 0.0345; NE versus NW, t = 0.0702, P = 0.43; NE versus SW, t = 1.792, P = 0.077). When trained in the contextual fear conditioning at 8 wpi, animals displayed a similar percent freezing (t = 0.3600, P = 0.3685). (b) Top, timeline of fear conditioning and water maze tests. Experiments were performed as described in a, but the order of behavioral tests was switched: fear condition and then water maze. Bottom, animals showed a significant decrease in percent freezing (t = 3.046, P = 0.0191) when trained at 4 wpi. However, at 8 wpi, both no light and light groups showed intact water maze memory (no light, week-old cells) were targeted 7 . Our finding that substantial memory retrieval deficits were only observed after silencing of ~4-weekold newborn neurons raises the possibility that the deficits following post-training ablation observed in our previous study were primarily driven by the loss of ~4-week-old newborn neurons. Still, we cannot exclude the possibility that silencing ~8-week-old newborn neurons also affects hippocampal function, albeit to a lesser degree. Finally, it is noteworthy that the retroviral approach only labeled a relatively small group of newborn neurons, and, thus, even the activity of this small population of cells strongly influenced hippocampal function. Although silencing a similar population before training did not impair memory acquisition, it is likely that silencing a larger population might induce anterograde memory deficits.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper.
ONLINE METHODS
Retroviral production and stereotaxic injection. Engineered self-inactivating murine oncoretroviruses were used to deliver genes of interest specifically to proliferating cells and their progeny 10, 11 . The optimized ChR2 constructs were obtained from K. Deisseroth (Stanford University) and the ChIEF construct from R. Tsien (Addgene). The Arch construct from E. Boyden was purchased from Addgene.
Purified engineered retroviruses were stereotaxically injected into adult C57BL/6 mice (Charles River). 5-6-week-old female mice were used for all experiments. For behavioral experiments, animals in each experimental group in general had slight different birth dates to minimize the potential effects from the estrous cycle. All mice were housed under standard conditions with 12-h:12h dark/light cycle. All animal procedures were conducted in accordance with institutional guidelines and were approved by the Institutional Animal Care and Use Committee of Stony Brook University. optrode implantation and behavioral procedures. Optrodes (Doric Lenses, modified to increase light spread) were implanted bilaterally into the dorsal dentate gyrus (coordinates: 3.0 mm rostral from bregma, 2.6 mm lateral from the midline and 2.5 mm ventral) 14 d after two retroviral injections (~10-h interval) unless we specifically indicated otherwise in the main text. After implantation, animals received at least 2 weeks recovery before any behavioral experiment.
After behavioral experiments, mice were perfused transcardially with phosphate-buffered saline (PBS) followed by 4% (w/v) paraformaldehyde (PFA). Brains were sectioned and the optrode implantation sites were verified and numbers of retroviral-labeled adult-born neurons were counted. Mice were excluded if the implantation site was incorrectly positioned. Mice with missed viral injections were discarded. Mice with correct injections all had 1,500-2,000 newborn DGCs and all of them were selected for behavioral analysis.
water maze (hidden platform version). The apparatus and behavioral procedures have been described previously 21, 42 . Behavioral testing was conducted in a circular water maze tank (120 cm in diameter, 50 cm deep), located in a dimly lit room. The pool was filled to a depth of 40 cm with water made opaque by adding white, non-toxic paint. Water temperature was maintained at approximately 26 °C. A circular escape platform (10-cm diameter) was submerged 0.5 cm below the water surface, in a fixed position in one of the quadrants. The pool was surrounded by curtains, at least 1 m from the perimeter of the pool. The curtains were white with distinct cues painted on them.
Water maze training took place across 6 d. Each training session consisted of three training trials (inter-trial interval was ~15 s). On each trial, mice were placed into the pool, facing the wall, in one of four pseudorandomly varied start locations. The trial was complete once the mouse found the platform or 40 s had elapsed. If the mouse failed to find the platform on a given trial, it was guided onto the platform by the experimenter. Following training, spatial memory was assessed in two probe tests with the platform removed from the pool. The probe tests were 40 s in duration and conducted 24 h and 48 h after the last training session. Animals performed training and probes attached to the optic fibers and rotatory joint. Each animal experienced one probe with light stimulation and one without, the order of which was counterbalanced between animals. Behavioral data from training and the probe tests were acquired and analyzed using an automated tracking system (Ethovision XT, Noldus). Using this software, we recorded a number of parameters during training, including escape latency and swim speed. In probe tests, we measured the amount of time mice searched in the target quadrant versus the three other quadrants.
water maze (visible platform version). For the visible platform task, the platform was moved to the opposite quadrant and marked by a visual cue. The cue consisted of a plastic cylinder (4 cm in diameter, 4 cm in height) with a horizontal black and white vertical-striped pattern and was placed on top of the platform. Visible platform training started 24 h after the last hidden platform probe and consisted of one training session of three trials per day (inter-trial interval was ~15 s) across 2 d. On each trial, mice were placed into the pool, facing the wall, in one of four start locations (pseudorandomly varied). The trial was complete once the mouse found the escape platform or 40 s had elapsed. Similar to the hidden version of the water maze, animals were divided into two groups to perform two probe tests, counterbalanced for order of light stimulation. The probes started 24 h after training and were conducted on consecutive days. As before, behavioral data from training and the probe tests were acquired and analyzed using an automated tracking system. context fear conditioning. The fear conditioning chamber consisted of a stainless steel conditioning chamber (18 cm × 18 cm × 30 cm, Coulbourn) containing a stainless steel shock grid floor. Shock grid bars (diameter = 3.2 mm) were spaced 7.9 mm apart. The grid floor was positioned over a plastic drop-pan, which was lightly cleaned with 70% ethyl alcohol to provide a background odor. The front of the chamber was made of clear acrylic and the top, back and two sides made of modular aluminum. Animals were subjected to two probes, a context test and a tone test. For the context testing, animals were placed in the fear chamber, where they were originally shocked. For tone testing, mice were put in a modified version of the fear chamber that consisted of a white, plastic floor covering the shock grid bars and a plastic, triangular insert placed inside the same conditioning chamber used for training. One of the walls of this insert had a black-and white-striped pattern. The other two walls were white. After each test, the plastic floor was cleaned with water. Mouse freezing behavior was monitored via overhead cameras and scored manually.
During training, mice were placed in the fear conditioning chamber for a total of 3 min. After 2 min of free exploration mice were presented with a 30 s tone (2,800 Hz, 85 dB) that co-terminated with a 2-s foot shock (0.5 mA). Mice remained in the chamber for a further 30 s before being returned to their home cage.
We assessed freezing in two 5-min tests 24 h after training, in the fear chamber and its modified version, respectively. In the second probe, the tone was presented after a 2 min delay. Animals were divided into two groups for counterbalanced tests of the animals' freezing to the context and the tone, respectively. Data is presented as function of time for the context test. For the tone test, we measured freezing to the tone for 60 s.
Slice and in vivo physiology. Mice were processed at 1, 2, 3 and 4 wpi and electrophysiological recordings performed at 32-34 °C, as previously described 11 . For efferent CA3 synapse slice experiments, short pulses of blue light were generated by a 50-mW, 473-nm laser under the control of a standard digital converter board and launched into a Zeiss upright microscope through the epifluorescence light path. The ending power on brain slices was ~5 mW mm −2 and synaptic transmission was recorded at -65 mV.
For in vivo recording, mice received injections of ChIEF-dTomato retrovirus 3, 4 and 8 weeks before in vivo recordings. Briefly, animals were anesthetized and mounted on a stereotaxic frame. An optrode was inserted into dorsal dentate gyrus (coordinates: 3.0 mm rostral from bregma, 2.6 mm lateral from the midline and 2.5 mm ventral). Pulses of blue light controlled by recording software (pClamp10.0) was generated from a 50-mW, 473-nm laser and delivered thought an optic fiber. A recording electrode was inserted into CA3 molecular layer (coordinates: 2.0 mm rostral from bregma, 2.2 mm lateral from the midline and 2.2 mm ventral), and fEPSPs were recorded following optical stimulation of the dentate gyrus. After recording, mice were perfused transcardially with PBS followed by 4% PFA. Brains were sectioned to check for the presence of retroviral-labeled adult-born neurons and the sites of stimulation in dentate gyrus and recording in CA3 (Supplementary Fig. 3) . Mice were excluded if the recording site was out of CA3. Slope of fEPSPs in each trace was measured and averaged every 2 min for analysis and plotting. For each animal, fEPSP slope values in the last 15 min (45-60 min) were compared with baseline values (-20-0 min) by twotailed independent t test. Recording was considered a successful LTP if fEPSP slope values in the last 15 min were significantly greater than baseline (P < 0.05). c-Fos immunohistochemistry and analysis. Neuronal activity during memory retrieval was analyzed by imaging immediate-early gene c-Fos expression as previously discribed 24 (Supplementary Fig. 9a ). Briefly, 90 min following the completion of behavioral testing, mice were deeply anesthetized and perfused transcardially with PBS and then 4% PFA. Brains were removed, fixed overnight in PFA and then transferred to a 30% (w/v) sucrose solution and stored at 4 °C. Brains were sectioned into 50-µm coronal sections covering the full anterior-posterior extent of the dentate gyrus. Immunohistochemistry was performed using primary antibody to c-Fos (rabbit polyclonal antibody, 1:1,000, Calbiochem, catalog no. PC38) and Alexa 568-conjugated goat antibody to rabbit (1:500, Molecular Probes, catalog no. A11011) as the secondary antibody. Sections were incubated in primary antibody overnight, and then with secondary antibody for 2 h at room temperature (25 °C), in the presence of 2% goat serum, 1% bovine npg
